in Bacillus subtilis. sporulation in activation of the KinB pathway to Identification of a membrane protein involved
The initiation of sporulation in Bacillus subtilis is dependent on the phosphorylation of the Spo0A transcription factor mediated by the phosphorelay and by two major kinases, KinA and KinB. Temporal expression of these kinases was analyzed, and an assessment of their respective contributions to the production of Spo0AϳP was undertaken. The results show that KinB is expressed and activated prior to KinA; i.e., the two kinases are solicited sequentially in the sporulation process and are thought to be activated by different signaling pathways. A strategy was developed to isolate mutations specifically affecting the KinB pathway, using the newly improved mini-Tn10 delivery vector pIC333. Several mutants were obtained, one of which carried a transposon in a gene coding for a small integral membrane protein, named KbaA. Inactivation of the kbaA gene appeared to affect KinB activity but not transcription of kinB. A Spo ؉ suppressor (kinB45) of the kbaA null mutation was isolated in the promoter region of kinB. An eightfold increase of kinB expression levels over wild-type levels was observed in the kinB45 mutant. Thus, overexpression of the kinB-kapB operon was sufficient to overcome the sporulation defect caused by inactivation of kbaA in a KinA ؊ strain. Transcription of kinB was found to be repressed by SinR, while the kinB45 mutant was no longer sensitive to SinR regulation. Implications of these observations on the transcriptional regulation of kinB and the role of KbaA in KinB activation are discussed.
The differentiation program to endospore formation in Bacillus subtilis is controlled primarily by the level of phosphorylation of the key transcription factor Spo0A (14) . Phosphorylation of Spo0A occurs through a multicomponent phosphorelay which, unlike classical two-component signal transduction systems, contains two sensor kinases, KinA and KinB. These kinases are responsible for transferring phosphate groups to a first response regulator, Spo0F. The phosphate of Spo0F is transferred to a second response regulator, Spo0A, mediated by the phosphotransferase Spo0B (5) . This unusual signal transduction system is thought to increase the possibility of integrating multiple environmental signals. Moreover, specific phosphatases of Spo0F and Spo0A, namely, Rap and Spo0E, respectively, can process negative signals into the phosphorelay (26, 30) . Such a phosphotransfer system is a signal integration circuit which mediates the sensing and coordination of diverse environmental, cell cycle, and metabolic signals and prevents inappropriate commitment to sporulation (26) .
Spo0AϳP has two main functions in the initiation of sporulation. At lower cellular levels, it represses transcription of the transition state regulator AbrB, allowing expression of a large set of late-exponential and stationary phase genes (42) . At higher levels, it activates transcription of stage II genes whose products are involved in establishing and maintaining differential gene expression in the two cell types required for spore formation. These loci include spoIIA (46) , spoIIE (51) , and spoIIG (4, 34, 35) .
The primary kinases which control the supply of phosphate to the phosphorelay are KinA and KinB, although it was recently suggested that KinC may contribute to a minor extent to the production of Spo0AϳP (19) . The classical pathway through KinA is thought to be more active than the alternate pathway through KinB, since the sporulation efficiency is much lower in kinA than in kinB mutants. The two kinases differ not only in their respective contribution to the sporulation process but also in their structural properties and cellular localization, supporting the idea that B. subtilis has evolved two functionally distinct sensor kinases capable of being activated by different input signals. While KinA appears to be a cytoplasmic protein (2, 29) , KinB possesses an amino-terminal region consisting of six membrane-spanning regions (47) . The proposed structure of KinB leaves only minimal loop-regions and an N-terminal extension on the outer surface of the membrane, in contrast to other integral membrane kinases, which have a substantial periplasmic or outside domain acting as a sensor of specific ligands (27, 41) . The absence of such a domain in KinB might indicate that it is not directly sensing some signaling molecule in the environment.
The membrane location of the KinB protein has not allowed in vitro studies of its activity on the Spo0F or Spo0A response regulators. However, genetic data strongly support the notion that Spo0F is an obligate part of the pathway from KinB to Spo0A (45a). kinB is known to be associated with the downstream kapB gene in a single transcription unit. Inactivation of kapB confers the same phenotype as does a null mutation in kinB, indicating that KapB either is required for the functioning of KinB or plays a regulatory role in the expression of this transcription unit (47) .
Although spore formation is thought to be induced by high cell density (13) or nutrient deprivation (36) and to require normal chromosome replication (16) as well as the Krebs cycle (9) and other metabolic functions (10, 38) , the information on effector ligands for KinA and KinB is meager, as is our understanding of the transmission mechanisms of these signals. Difficulties in uncovering the positive or negative effectors of either kinase are partly due to the redundancy of the pathways leading to phosphorylation of Spo0F. Further complicating this analysis is the possibility that multiple signals or signaling cascades converge to activate each of these kinases.
In this communication, we present experimental evidence indicating that KinB is synthesized and activated prior to KinA and that contribution of these two kinases to the phosphorelay follows a sequential progression. In an attempt to unravel the redundancy of signals that activate the phosphorelay, a mutagenesis strategy was designed to isolate genes involved in specific activation of the KinB pathway. Here, we describe the characterization of one such gene, which encodes an integral membrane protein.
MATERIALS AND METHODS
Bacterial strains and genetic techniques. All the strains used in this study are listed in Table 1 .
Escherichia coli transformations were performed by electroporation of the K-12 strain TG1 [⌬(lac-proAB) supE thi hsdD5/FЈ traD36 proA ϩ proB ϩ lacI q lacZ⌬M15] (7) with the Bio-Rad gene pulser as specified by the supplier. Selection was done on Luria-Bertani broth supplemented when appropriate with ampicillin or spectinomycin at 100 g/ml. B. subtilis strains were maintained on Schaeffer sporulation medium (36) and transformed with chromosome or plasmid DNA by the procedure of Anagnostopoulos and Spizizen (1) . Selection, when required, was done on erythromycin (0.5 g/ml), chloramphenicol (5 g/ml), kanamycin (2 or 20 g/ml for resistance conferred by plasmid pMA5), spectinomycin (100 g/ml), or phleomycin (2.5 g/ml). The spectinomycin insertion-deletion plasmid pJV149 and the lacZ transcription fusion plasmids built in the amyE vectors pJM115 and pJM116 were linearized prior to transformation to favor the double-crossover recombination event.
For transposon mutagenesis, the mini-Tn10 delivery vector pIC333 (40) was used. Outside the transposon, this plasmid carries a thermosensitive gram-positive origin of replication, an erythromycin resistance gene for selection in B. subtilis at permissive temperatures, and a modified transposase gene conferring relaxed target specificity. The transposon itself confers resistance to spectinomycin in both E. coli and B. subtilis and contains the pUC origin for replication in E. coli. Plasmid pIC333 was introduced into strain MB340; transformants were selected on erythromycin (0.4 g/ml) at 28ЊC. To verify that no premature transposition event had occurred, simultaneous loss of resistance to both erythromycin and spectinomycin, when cells were grown at 50ЊC, was checked. A series of 10 2 ml-precultures were inoculated from 10 different Em r colonies and grown overnight at 28ЊC, diluted 100-fold in Luria-Bertani medium, grown for 3 h at 28ЊC, and then shifted to 50ЊC for 5 h. Dilutions of the cultures were plated on Luria-Bertani-spectinomycin plates.
For N-methyl-NЈ-nitro-N-nitrosoguanidine (NTG) mutagenesis of B. subtilis, 10 ml of antibiotic medium no. 3 (Difco) supplemented with spectinomycin was inoculated from a fresh colony of strain JH16048 and cells were grown to an optical density at 600 nm of 0.8. NTG was added at a final concentration of 0.05 mg/ml, and the culture was incubated for 30 min at 37ЊC. Cells were washed twice in PAB medium, resuspended in liquid Schaeffer sporulation medium supplemented with spectinomycin, and grown for 36 h at 37ЊC. The cells were treated with 0.1 volume of chloroform, and 100-l-aliquots of a 1:100 dilution were plated on Schaeffer sporulation medium.
The sporulation efficiency of B. subtilis strains was determined by the resuspension method of Sterlini-Mandelstam, as described in reference 25. After resuspension, the cells were grown for 8 h at 37ЊC. Serial dilutions of sporulating cells were plated before and after treatment with 0.1 volume of chloroform to obtain a viable-cell count and a spore count.
To determine the location of the suppressor mutation of the kinA kbaA Spo Ϫ strain, a PBS1 transducing lysate was prepared from strain JH16487 and used to transduce (45) the kit of auxotrophic strains of Dedonder et al. (6) in which both kinA::Tn917 and kbaA::mini-Tn10 mutations had been previously introduced. ␤-Galactosidase assay. B. subtilis strains harboring lacZ fusions were assayed for ␤-galactosidase activity as previously described (7) . The specific activity was expressed in Miller units (22) .
Nucleic acid manipulations. The mini-Tn10 transposon inserted in kbaA and its flanking regions were rescued in a single step, taking advantage of the pUC origin of replication present on the transposon. The chromosome of strain JH16048 was totally digested with HindIII, and fragments were self-ligated at a low DNA concentration (2 g/ml). The ligation mixture was precipitated and transformed into E. coli TG1 for spectinomycin resistance. Plasmid DNA from four Sp r transformants was analyzed: all four restriction profiles were identical. One of the clones was retained for further analysis and designated pJV127. (15); aphA3 is the Streptococcus faecalis kanamycin resistance gene (48); and spc is the spectinomycin adenyltransferase gene from Staphylococcus aureus Tn554 (24) .
c The arrows indicate construction by transformation.
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Sequencing reactions were carried out on double-stranded DNA purified with Qiagen-tips 20 (Qiagen Inc., Chatsworth, Calif.) by using the dideoxy chain termination sequencing kit (United States Biochemicals) and synthetic primers.
Plasmid constructions. The following lacZ transcriptional fusions were constructed with the pJM783 vector for integration at the original locus of the fused promoter and the pJM115 and pJM116 vectors for double-crossover integration at the amyE locus (28) . Plasmid pJM115 is a Km r derivative of pDH32, while plasmid pJM116 is pDH32 carrying an improved multiple cloning site (31a).
Plasmid pJV102 was constructed by cloning a PstI-NarI fragment containing the kinB promoter region into pJM116. Plasmid pJV147 carries the same fragment cloned into pJM115. To construct plasmids pJV142.1 and pJV142.2, the promoter regions of kinB and kinB45, respectively, were PCR amplified with oligonucleotides 5Ј-TGCAGAATTCAGCGATCATTATTCCGGATCGCC-3Ј (EcoRI) and 5Ј-GAATAGGATCCAAAATAAAGCAGATGTGCAGAAG-3Ј (BamHI) and cloned into pJM783. Plasmid pJM8114 contains a ClaI-EcoRV fragment carrying the kinA promoter region (29) cloned into pJM783 (31a). The promoter region of spoIIG was recovered from a HindIII-EcoRI digestion of plasmid pUCIIGtrpA (35) and subcloned into pJM116 to give pJV103. Plasmids pJV136 and pJV144 carry the promoter region of kbaA, isolated by PCR amplification with oligonucleotides 5Ј-GTTCCTTGAATTCCATCTTGGTCAATC ACCAGC-3Ј and 5Ј-CTTTATGGATCCCCTCAAAAATCGCGAACAGC-3Ј and cloned into pJM116 and pJM783, respectively.
Plasmid pJV127 was rescued from the chromosome of strain JH16048 after HindIII total digestion and self-ligation. A region bearing the kbaA open reading frame (ORF) and its transcriptional and translational signals was amplified by PCR with oligonucleotides 5Ј-GTTCCTTGAATTCCATCTTGGTCAATCACC AGC-3Ј (EcoRI) and 5Ј-CAGAAGAAGCTTTGCCTGATATCATCCATC AGCTG-3Ј (HindIII), which correspond to positions 34 to 65 and positions 1070 to 1036, respectively, on the kbaA sequence (see Fig. 4 ). This fragment was cloned into the autoreplicative E. coli-B. subtilis shuttle vector pMA5 (20a) to generate plasmid pJV146. The same fragment was cloned into pJM103 (31) to give pJV145. A NruI-PstI fragment internal to the kbaA gene was deleted in pJV145 and replaced by the terminatorless spectinomycin adenyltransferase gene from Tn554 (24) to give plasmid pJV149.
Nucleotide sequence accession number. The sequence described herein is available from GenBank under accession no. U23797.
RESULTS
Synthesis and activation of the KinA and KinB kinases occur sequentially. The existence of two sensor kinases, KinA and KinB, acting as phosphate sources for the phosphorelay prompted us to investigate their respective contributions to sporulation by first comparing their temporal expression and activation. The transcription profile of kinB was determined by monitoring the ␤-galactosidase activity driven by a fusion of the kinB promoter region with the promoterless lacZ gene, using plasmid pJM116. The kinB-lacZ fusion was integrated in single copy at the amyE locus, and ␤-galactosidase activity was assayed during growth in Schaeffer sporulation medium. Transcription of kinB was maximal during exponential growth, with a peak occurring reproducibly between T Ϫ1.5 and T Ϫ1 (Fig. 1) . The expression pattern of the kinB-lacZ fusion integrated at the kinB locus was identical (not shown), suggesting that kinB transcription is initiated from its own promoter and that no significant readthrough transcription occurs from the promoter of the upstream patB gene. In contrast, kinA is transcribed at low levels during the exponential phase, with a maximum around T 0 (2) (Fig. 1) . These results are consistent with transcription of kinB and kinA by RNA polymerase containing A (47) and H (32), respectively. Since kinB is expressed at a higher rate than kinA during exponential growth and reaches a maximum 1.5 h before kinA transcription, we asked whether KinB could be responsible for the initial increase of Spo0AϳP concentration in the cell. To test this notion, the lacZ gene was fused with the promoter of spoIIG, whose transcription is under the control of Spo0AϳP. ␤-Galactosidase activity from this fusion was assayed in the wild-type, kinA, and kinB strains. These experiments showed that in the absence of KinB, transcription of spoIIG is delayed about 1 h but its ultimate level is not significantly lowered. Conversely, inactivation of kinA resulted in a sixfold-decreased initial rate of spoIIG-lacZ transcription, whereas the timing of induction was basically conserved, occurring around T Ϫ1 . Since activated KinA or KinB is required for the production of Spo0AϳP recruited in turn for induction of spoIIG transcription, the data presented in Fig. 2 suggest that KinB is activated prior to KinA, thereby providing the sporulating cells with the initial burst of Spo0AϳP.
Isolation of mutants affected in the KinB signaling pathway. The above results confirm the major contribution of KinA to the sporulation process and suggest that KinB and KinA are activated sequentially. This would support the idea that the two kinases are turned on by distinct signals, providing a multisensory system for the initiation of sporulation.
To isolate mutants specifically affecting synthesis or activation of KinB, transposon mutagenesis was performed in strain MB340 (⌬kinA96) with the mini-Tn10 delivery vector pIC333 (40) . The transposon carried on this plasmid contains the spc resistance gene and the ColEI origin of replication, allowing straightforward cloning of regions adjacent to the inserted transposon. Plasmid pIC333 also carries the pVE6002 thermosensitive origin of replication (20) and a mutated Tn10 transposase gene with relaxed target specificity in E. coli (3). Transposon mutagenesis was performed in strain MB340 as described in Materials and Methods. The adopted strategy was based on the fact that colonies of kinA null mutants exhibit a weak but recognizable Spo Ϫ phenotype whereas double kinA kinB mutants are drastically affected in spore formation and display an easily distinguishable Spo0 phenotype on Schaeffer sporulation medium. In contrast, the appearance of colonies of kinB null mutants is identical to that of the wild type.
The transposon library was screened on sporulation medium, and 111 Spo0 or Spo Ϫ mutants were collected from a population of approximately 5,000 colonies. To discriminate between mutants with defects in spo0 genes and those with defects in kinB or in kinB-signaling genes, the chromosomal DNA of the Spo0 candidates was extracted and used to transform to spectinomycin resistance the wild-type strain JH642 and strain JH12638 (kinA::Tn917) as a backcross control. Among 111 transposon insertions tested, 17 were found to retain a wild-type phenotype in JH642 while conferring a stable Spo0 phenotype in JH12638. These insertions were assumed to have occurred either in kinB or in a gene(s) involved in the regulation of kinB transcription or in the activation of its kinase activity. Sporulation efficiencies were quantified in liquid Schaeffer medium and confirmed that the insertion mutations did not affect the ability of the wild-type strain to sporulate (50 to 100% of viable cells), whereas in JH12638 (kinA::Tn917), these mutations caused a 5-to 50-fold decrease compared with the parental strain.
Inserted transposons and their flanking regions were rescued as described in Materials and Methods, and 200 to 600 bp adjacent to each target site was sequenced. Two insertions were found in kinB, at the same target site, but none was detected in kapB, the gene located downstream of kinB. The chromosomal location of each Tn10 mutation was determined by PBS1 transduction, showing that the mutations appeared to be randomly distributed around the chromosome.
Because all the mutants isolated exhibited a higher efficiency of sporulation than a double kinA kinB mutant, it was necessary to determine whether they were affected only in the KinB pathway. To this aim, spoIIA-lacZ and spoIIG-lacZ fusions were used as a means to test if Spo0AϳP accumulation was sufficient to allow initiation of stage II of sporulation. For some of the mutants examined, transcription of stage II genes was significantly decreased in the KinA Ϫ background but basically unimpaired by the same mutation in the wild-type strain JH642. One of the mutants which displayed such a profile of stage II gene transcription was retained for further analysis and designated kbaA, for KinB activation. In the wild-type background, the kbaA::Tn10 mutation did not affect the level of spoIIG-lacZ expression but caused a slight delay of induction ( Fig. 3A) , as was the case for a kinB null mutation. Transfer of the same mutation in a kinA::Tn917 strain resulted in a significant twofold decrease of spoIIG-lacZ transcription (Fig. 3B) . Similar results were obtained with spoIIA-lacZ and spoIIElacA fusions (data not shown).
As expected, inactivation of kbaA in wild-type strain JH642 did not affect the sporulation efficiency whereas the ability of the double kinA kbaA mutant to sporulate was significantly decreased (Table 2 ). To confirm that the observed phenotype was actually due to the inserted transposon, the rescued plasmid, pJV127, carrying the mini-Tn10 (ori-spc) and kbaA flanking regions, was linearized and used to transform JH642 and JH12638. The double kinA kbaA::Tn10 mutant, constructed with pJV127, exhibited the same Spo0 phenotype as the originally isolated mutant. In addition, a strain in which the kbaA gene was deleted and replaced by a spc-resistance cassette was constructed (see below). The ⌬kbaA::spc mutation conferred the same phenotype as kbaA::Tn10 in both the wild-type and kinA::Tn917 backgrounds (Table 2) . Finally, the wild-type kbaA allele was cloned on a multicopy vector in strain JH16048 (kinA kbaA::Tn10) and proved to restore the sporulation efficiency of the parental strain JH12638 (kinA::Tn917), showing that multicopy kbaA provided in trans is able to complement the sporulation deficiency caused by the kbaA::Tn10 mutation in the KinA Ϫ background. Sequence analysis of kbaA. Sequencing of the kbaA region was initiated from both ends of the transposon with synthetic oligonucleotides complementary to known sequences as primers. Analysis of the DNA sequence revealed a 594-bp ORF located upstream from the previously characterized gerD gene (50) and oriented divergently from it (Fig. 4) , thus being located at 16Њ on the B. subtilis genetic map. The ATG at position 361 is preceded by a putative ribosome-binding site with 9-bp spacing. Although it partially overlaps the ribosome-binding site, the Met codon located at position 349 might as well be used as a start site in vivo (Fig. 4) . The resulting ORF would be 606 bp long. Candidates for possible A promoters are present upstream, overlapping the promoter region of the divergent G -transcribed gerD gene (18) . Downstream from kbaA lies an ORF in the opposite orientation (orfX), suggesting that kbaA is transcribed alone, although no potential transcription terminator could be detected following either kbaA or the convergent orfX (Fig. 4) .
The kbaA gene product is a highly hydrophobic peptide of 198 amino acids. According to hydropathy analysis, KbaA contains six potential transmembrane helices and is probably an integral membrane protein (Fig. 4) .
A computer search of the NCBI databases was uninformative for the kbaA gene or its product but revealed significant amino acid sequence similarities between the product of the partially sequenced orfX and the NodB proteins from Rhizobium and Bradirhizobium species. In these species, the nodB gene is part of the nodABC operon, involved in the initiation of root nodulation by generating signaling molecules that stimulate mitosis of plant cells (8, 37) . Similarity was also detected between the deduced product of orfX and a nodB homolog of unknown function found in Bacillus stearothermophilus (33) .
To determine when kbaA is transcribed during the growth cycle, the kbaA promoter region (Fig. 4) was fused to the lacZ gene and the resulting fusion was integrated in the B. subtilis chromosome at both the amyE and kbaA loci. The level of ␤-galactosidase activity was low and similar in both cases, reaching a maximum (8 Miller units) around T Ϫ1 and dropping down to the background level after T 0 (data not shown), consistent with the putative A consensus detected upstream from the kbaA ORF.
A Spo ؉ suppressor of the kinA kbaA mutant maps in the promoter region of kinB. To gain some insight regarding the site of action of KbaA, we sought Spo ϩ suppressors of strain JH16048 (kinA::Tn917 kbaA::Tn10) by NTG mutagenesis. In an attempt to favor isolation of specific suppressors of the kbaA mutation and screen out the most prevalent and drastic Spo ϩ suppressors such as sof mutants altering the Spo0A response regulator (39), colonies were chosen on the basis of reversion to a KinA Ϫ phenotype, which appears later on Schaeffer sporulation medium and is easily distinguishable from the wild-type Spo ϩ phenotype (see above). Suppressor mutations of this phenotype were mapped by PBS1 transduction, and one of them was localized between thr (49% recombination) and aroG (90% recombination), which is close to the location of kinB (47) . Analysis of that region by transformation revealed that the suppressor mutation was tightly linked to the adjacent patB and kinB loci. After Campbell integration of (Fig. 5) at the patB locus of the suppressor strain, attempts to rescue the complete kinB kapB region led to plasmid rearrangements and spontaneous deletions. Consequently, a fragment containing the 3Ј end of patB and the 5Ј end of kinB, from ClaI to BalI (Fig. 5) , was rescued on plasmid pJV132. Sequencing of the insert allowed the detection of a single point mutation (G 3 A) located in the kinB promoter region at position Ϫ45 relative to the transcription start site (Fig. 5) . In parallel, the entire kinB gene and kapB were PCR amplified separately from the chromosome of the suppressor strain, cloned, and sequenced. No additional mutation was found in either fragment. The mutant allele was designated kinB45.
To verify that the fragment carried on plasmid pJV132 was able to confer the Spo ϩ phenotype, strain JH16570 (kinA::Tn917 ⌬kbaA::spc) was transformed with pJV132. This gave rise to Spo ϩ colonies, strongly suggesting that the Ϫ45 G 3 A mutation is responsible for reverting the sporulation deficiency of the kbaA mutant.
To test the possibility that the kinB45 mutation leads to increased levels of kinB transcription, the promoter regions of kinB and kinB45 were PCR amplified with the oligonucleotides whose positions are indicated in Fig. 5 and fused to the lacZ gene. For each fusion, inserts of two independent clones were sequenced to verify that no mistake had been introduced in the course of PCR amplification. The corresponding plasmids, pJV142.1 (kinB-lacZ) and pJV142.2 (kinB45-lacZ), were integrated at the kinB locus of strain JH642. Expression of the kinB45-lacZ fusion reached levels eightfold higher than those observed for the wild-type kinB-lacZ fusion (Fig. 6) , suggesting that suppression is due to increased KinB levels in the cell.
Both the kinB45 suppressor mutation and SinR affect the expression of kinB. The position of the suppressor mutation together with the elevated transcription directed by the kinB45-lacZ fusion raised the possibility that the Ϫ45 G 3 A mutation modifies some repressor-binding site, located immediately upstream of the kinB promoter region. Since Hpr and SinR are among DNA-binding proteins known to repress sporulation (12, 31), we first checked the effect of hpr and sinR null mutations on transcription of kinB. Deletion of hpr proved to have no effect on expression of the kinB-lacZ fusion, while the ⌬sinR::phl mutation led to a threefold increase of kinB transcription (Fig. 7A) . This is in agreement with a previous observation that a null mutation in sinR is able to suppress the sporulation deficiency of a kinA mutant but not that of a double kinA kinB mutant (28a), suggesting that the suppressing effect of ⌬sin requires a functional kinB gene.
To determine if the kinB45 mutation could alter a putative Sin-binding site, we introduced the ⌬sinR::phl mutation into strain JH16512 carrying the kinB45-lacZ fusion. No difference could be observed between levels of ␤-galactosidase expression driven by the kinB45 promoter in the wild-type and SinR Ϫ backgrounds (Fig. 7B) , suggesting that the effects of ⌬sinR and kinB45 on the expression of kinB are not additive.
DISCUSSION
The onset of sporulation is regulated by the cellular level of phosphorylated Spo0A transcription factor, which results from kinases activating the phosphorelay (14) . Understanding the control of the enzymatic activities of these kinases is crucial to understanding the cellular mechanisms responsible for initiating sporulation. The potential activators or inhibitors of the kinases involved, KinA and KinB, are unknown and represent a critical missing link in our conceptualization of the sporulation process. The fact that the cell utilizes more than one kinase for this process suggests that the effector molecules regulating the activity of each kinase may be different. Perhaps they are attuned to different environmental or cellular events. If this were the case, it might be expected that the kinases would be differentially expressed.
The expression of kinB was found to reach its maximum level during the exponential growth phase, between T Ϫ1.5 and T Ϫ0.5 , and decrease rapidly from then on. In contrast, transcription of kinA, encoding the other major kinase of the phosphorelay, was expressed at lower levels during exponential growth and reached its maximum at the onset of sporulation, T 0 . Past experiments suggested that KinA was the major kinase used for sporulation whereas KinB represented an alternate pathway that was functional in the absence of KinA (47) . However, when the effect of kinA or kinB mutations on spoIIG expression was assessed, a 1-h delay was observed in the kinB mutant. This suggested that KinB may play a unique role in sporulation initiation, perhaps to ensure the correct timing for the initial burst of stage II gene transcription. KinA clearly provided most of the Spo0AϳP required for prolonged activation of spoIIG transcription. It is tempting to speculate that KinB is the first kinase to function and that its activity is required for early stimulation of the phosphorelay. KinB and KinA could be required successively for optimal initiation of the sporulation process.
To isolate mutants specifically inactivating the KinB signaling pathway, a transposition library obtained in a kinA strain was screened for Spo0 colonies. Mapping of the corresponding insertion sites, by sequencing the mini-Tn10 flanking regions, revealed that in some cases transposition had occurred independently at the same site in a gene but in opposite orientations, although the transposase gene present on the delivery vector pIC333 contains two mutations that confer a general relaxation in target specificity in E. coli (3) . Thus, the possibility exists that the mutagenesis did not saturate the chromosome, perhaps because of a higher preference for specific sequences in B. subtilis than in E. coli. Nevertheless, the fact that we obtained two insertions in kinB validates the adopted strategy.
One of the mutants isolated, the kbaA mutant, was studied in detail because of its negative effect on spoIIA and spoIIG transcription, specifically observed in the kinA background. Suppressors were isolated to determine if kbaA played a role in the activation of KinB or in the expression of kinB. A mutation in the kinB promoter region (kinB45) was isolated as a Spo ϩ suppressor of the kinA kbaA double mutant and was found to significantly enhance the transcription of kinB, indicating that overexpression of the kinB-kapB operon is sufficient to overcome the sporulation defect caused by inactivation of kbaA in a KinA Ϫ strain. However, kbaA does not normally manifest its effect by regulating kinB transcription, since kinB expression is identical in ⌬kbaA and wild-type strains (data not shown). This indicates that the kinase activity of KinB is stimulated at the onset of sporulation, owing to some direct or indirect but overall positive action of KbaA.
Among the different Spo0 mutants initially isolated by transposon mutagenesis, we found mini-Tn10 insertions in (i) two regulatory genes coding for DNA-binding proteins, (ii) a gene involved in cell metabolism, and (iii) a putative operon containing at least three ORFs, one of which encodes a protein homologous to the Salmonella typhimurium lipoprotein glyceryl transferase (11) . Except in the last case, which was not tested because of competence deficiency, the kinB45 mutation was able to cross-suppress the Spo0 phenotype of these mutants, suggesting that the ''promoter-up'' mutation provides a nonspecific bypass of mutations affecting the regulation or activation of KinB (unpublished data). The cross-suppression test could thus be used as a general means to determine whether a given mutant is affected in activation of the KinB pathway or further downstream in the signal integration circuit leading to the production of Spo0AϳP.
We have shown that deletion of the SinR protein derepresses the transcription of kinB, which accounts (at least partially) for the suppression of the sporulation defect of kinA mutants by such deletions. However, the action of Sin alone cannot account for the observed repression of kinB, since expression levels of kinB-lacZ in the ⌬sinR::phl strain remain lower than expression levels of kinB45-lacZ (compare maximum levels in Fig. 6 and 7A) . Perhaps SinR potentiates the binding of some other regulator at the kinB promoter. This would explain the absence of homology between the kinB promoter region and bona fide Sin-binding sites located upstream of aprE (12, 17) . Nevertheless, the fact that kinB45 and sinR::phl mutations are not additive on kinB expression confirms the suggestion that SinR plays a role in regulating KinB expression directly or indirectly. In addition, kinB expression appears to be partially repressed by the transition-state regulator AbrB, since expression levels of the kinB-lacZ fusion were higher in the abrB::Tn917 strain than in the corresponding wild-type strain (data not shown). In keeping with this result is the observation that in vitro, AbrB is able to weakly bind to the promoter region of kinB, as shown by DNase I protection assays (43) . The apparent low affinity of AbrB for the kinB promoter could explain why expression of kinB increases well before T 0 , as soon as the concentration of AbrB begins to drop (44) .
KbaA appears to be an intrinsic membrane protein containing six putative membrane-spanning helices. Likewise, the KinB N-terminal domain is composed of six potential transmembrane regions with no loop extending outside the membrane (47) . This lack of exposed residues in the receptor region of this sensor kinase may exclude the possibility that KinB directly senses some small effector molecule in the extracellular medium. Rather, we would like to speculate that KbaA is involved in activation of KinB by interacting with a protein ligand present in the membrane. This ligand may inhibit the activity of KinB, and its inhibitory activity is neutralized by KbaA action. This would rationalize the apparent positive function of KbaA in KinB activation with the observation that overexpression of KinB suppresses the loss of KbaA. Other scenarios are possible. The resolution of this problem will require characterization of more factors in the activation pathway.
